1. Introduction {#sec1-genes-10-00021}
===============

Several transcription factors with roles in converting the endoderm to a hepatic fate have been identified (for reviews see \[[@B1-genes-10-00021],[@B2-genes-10-00021],[@B3-genes-10-00021]\]). For example, members of the FOXA and GATA families of pioneer transcription factors mark liver regulatory elements within the endoderm as competent to be expressed upon hepatic specification \[[@B4-genes-10-00021],[@B5-genes-10-00021],[@B6-genes-10-00021],[@B7-genes-10-00021],[@B8-genes-10-00021],[@B9-genes-10-00021]\]. Several additional transcription factors, including TBX3, HHEX, PROX1 and HNF1B, control the onset of hepatic gene expression and expansion of the hepatic progenitor cells as the primary liver bud is formed \[[@B10-genes-10-00021],[@B11-genes-10-00021],[@B12-genes-10-00021],[@B13-genes-10-00021]\].

Another liver enriched transcription factor, hepatocyte nuclear factor 4 α (HNF4A), is a member of the nuclear receptor family \[[@B14-genes-10-00021]\]. HNF4A has been shown to be a central regulator of hepatocyte differentiation and for maintaining liver functions in adult mice \[[@B15-genes-10-00021],[@B16-genes-10-00021],[@B17-genes-10-00021],[@B18-genes-10-00021],[@B19-genes-10-00021]\]. HNF4A also appears to be fundamental for establishing the network of transcription factors that governs the expression of hepatic mRNAs during mid-gestation stages of hepatogenesis \[[@B20-genes-10-00021]\]. Although HNF4A regulates gene expression in adult hepatocytes, loss of HNF4A has a more profound impact on the fetal liver \[[@B15-genes-10-00021],[@B17-genes-10-00021],[@B20-genes-10-00021]\]. The dependency on HNF4A during embryonic stages may be because transcriptional regulation of gene expression becomes stable as the network of liver transcription factors increases in complexity during cell maturation \[[@B17-genes-10-00021],[@B21-genes-10-00021],[@B22-genes-10-00021]\]. HNF4A is present at the onset of liver bud formation suggesting that it could facilitate specification of the hepatic progenitor cells in response to inductive cues \[[@B23-genes-10-00021],[@B24-genes-10-00021]\]. Unfortunately, this hypothesis has been challenging to address using mouse models because HNF4A is essential for gastrulation, which precedes the onset of hepatic development. Nevertheless, when the defects to gastrulation are circumvented through the generation of tetraploid embryos, loss of HNF4A severely impacts the expression of liver mRNAs during formation of the liver bud \[[@B25-genes-10-00021]\].

Although mammalian genetic models of embryogenesis have been invaluable, such an approach has limitations. For example, the extent of molecular and biochemical analyses that can be performed on these models is limited by the amount of material. Fortunately, the directed differentiation of human pluripotent stem cells has emerged as an alternative model for the study of cell fate \[[@B26-genes-10-00021],[@B27-genes-10-00021]\]. Several research groups have demonstrated that cells that share many characteristics with human hepatocytes can be generated from human embryonic (hESCs) and induced pluripotent (hiPSCs) stem cells \[[@B28-genes-10-00021],[@B29-genes-10-00021],[@B30-genes-10-00021],[@B31-genes-10-00021],[@B32-genes-10-00021],[@B33-genes-10-00021]\]. This cellular model is particularly appealing because the differentiation process appears to recapitulate key stages that are known to occur during the formation of hepatocytes in vivo and is both efficient and reproducible \[[@B30-genes-10-00021],[@B34-genes-10-00021]\]. In a recent study, we used HNF4A-depleted hESCs to address whether it was required to generate hepatic progenitor cells from definitive endoderm. As predicted, loss of HNF4A had a profound impact on the onset of hepatic gene expression, which we concluded was consistent with a role for HNF4A in converting the endoderm to a hepatic fate \[[@B35-genes-10-00021]\].

The requirement for HNF4A during hepatic progenitor cell (hepatoblast) formation is now well established; however, the molecular mechanism through which it regulates the transition of the endoderm to a hepatic fate and the onset of expression of hepatic genes is unclear. Transcription is dependent upon recruitment of RNA polymerase II (RNA pol II) to a pre-initiation complex that assembles at promoters prior to the onset of RNA synthesis. Initiation of transcription regulated by multiple proteins that result in the phosphorylation of the C-terminal domain of RNA pol II. RNA pol II promoter occupancy and initiation of RNA synthesis, can therefore be considered as separate events, either of which that could be influenced by HNF4A. HNF4A has been shown to associate with several coactivators including NCOA1 (also called SRC-1) \[[@B36-genes-10-00021]\], CITED2 \[[@B37-genes-10-00021]\], CBP/p300 \[[@B38-genes-10-00021],[@B39-genes-10-00021]\], and PMRT1 \[[@B40-genes-10-00021]\]. The interaction of HNF4A with histone modifying enzymes could potentially facilitate recruitment of the RNA pol II pre-initiation complex (PIC). The finding that HNF4A directly interacts with TFIIB and the Mediator co-activator complex also supports such a mechanism \[[@B41-genes-10-00021],[@B42-genes-10-00021]\]. In contrast, analyses of the human α-1 antitrypsin promoter have implied that regulation of gene expression by HNF4A may act independently of RNA pol II recruitment \[[@B43-genes-10-00021]\]. During the differentiation of human epithelial colorectal adenocarcinoma cells (Caco2), phosphorylated RNA pol II was found to be assembled within a pre-initiation complex prior to recruiting HNF4A \[[@B43-genes-10-00021]\]. In this study, the authors proposed that RNA pol II occupied the promoter prior to the onset of expression and that initiation of transcription resulted from recruitment of HNF4A and histone modifying enzymes \[[@B43-genes-10-00021]\]. It is, therefore, unclear whether HNF4a regulates the conversion of the endoderm to a hepatic fate primarily through facilitating recruitment of RNA pol II or by mechanisms that act subsequently. In the current study, we reveal that HNF4A primarily regulates the onset of hepatic gene expression during the endoderm to hepatic transition through recruitment of RNA pol II to the promoters of HNF4A target genes.

2. Materials and Methods {#sec2-genes-10-00021}
========================

2.1. Cell Culture {#sec2dot1-genes-10-00021}
-----------------

Human K3 iPSCs \[[@B44-genes-10-00021]\] were maintained as described previously \[[@B45-genes-10-00021]\] using an IgG-Fc E-cadherin fusion protein \[[@B46-genes-10-00021]\] (StemAdhere, Primorigen Biosciences, Inc., Madison, WI, USA). The iPSCs were induced to differentiate toward a hepatic fate using modifications to the originally published protocol \[[@B30-genes-10-00021]\] that have been described in detail \[[@B45-genes-10-00021]\]. The generation and characterization of iPSCs in which HNF4A expression was depleted has also been described in detail \[[@B35-genes-10-00021]\].

2.2. Oligonucleotide Array Analysis {#sec2dot2-genes-10-00021}
-----------------------------------

RNA was prepared using the RNeasy mini kit (QIAgen, Valencia, CA, USA). Total RNA (100 ng) was used to prepare cRNA that was hybridized to Primeview human gene expression arrays (Affymetrix, Santa Clara, CA, USA). Images were acquired using a GeneChip Scanner 3000 and primeview arrays were normalized and analyzed as we have described previously \[[@B47-genes-10-00021]\] except that data were processed using Partek Genomic Suite software (Partek, St. Louis, MO, USA). Gene ontology, functional annotation and upstream activator analyses were performed using both Ingenuity Pathways Analysis and DAVID. All genomic data is available through GEO as the following datasets: GSE104612, GSE104613, and GSE104779.

2.3. Chromatin Immunoprecipitation and ChIP-Seq {#sec2dot3-genes-10-00021}
-----------------------------------------------

Human iPSCs were induced to differentiate until the appropriate stage then fixed with 1% formaldehyde for 10 min. Fixation was stopped with 125 mM glycine for 5 min at room temp before cells were washed 2X with ice cold PBS. Cells were collected by centrifugation and re-suspended in PBS supplemented with protease inhibitor cocktail II (Calbiochem, San Diego, CA, USA). Cell pellets were finally collected by centrifugation before storage at −80 °C. To prepare for chromatin shearing, cells were lysed in cell lysis buffer (85 mM KCl, 5 mM PIPES, 0.5% NP40) by rotating for 10 min at 4 °C and nuclei were collected by centrifugation at 1700× *g* for 5 min at 4 °C. Nuclei were re-suspended and washed for 5 min ice cold PBS + protease inhibitor cocktail II before being collected by centrifugation and re-suspended in 1 mL of shearing buffer (10 mM TrisCl, 1 mM EDTA, 0.1% SDS pH 7.6 + 1 mM PMSF + protease inhibitor cocktail II). Nuclei were sheared for 15 min using a S220 Focused-ultrasonicator (Covaris, INC, Woburn, MA, USA) and insoluble material collected by centrifugation at 12,000× *g* at 4 °C. Chromatin was quantified using a protein assay (cat\#500-0006, Biorad, Hercules, CA, USA) and 450 µg of chromatin was used for each chromatin immunoprecipitation (ChIP). After quantification, chromatin was diluted in ChIP dilution buffer (1.1% TritonX100, 0.01% SDS, 1.2 mM EDTA, 16.7 mM Tris-Cl pH8, 167 mM NaCl) and precipitated with antibody (HNF4A, 2 ug, sc-6556 and RNA pol II, 1 ug, sc-899; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Complexes were collected using protein A+G magnetic beads (16--663, Millipore, Temecula, CA, USA), stringently washed then eluted using ChIP elution buffer (1% SDS, 0.5 M NaHCO3). Crosslinks were reversed with 3 M NaCl followed by treatment with proteinase K and RNase A. DNA was isolated by phenol chloroform extraction and ethanol precipitation and re-suspended in 50 uL of TE. Precipitated DNA was finally analyzed by quantitative PCR (qPCR) or by high throughput sequencing (BGI, Shenzhen, China). Raw sequence reads were aligned to the reference genome (NCBI 37/hg19) using BowTie 2 and Model Based Analysis of ChIP-Seq (MACS) was used for peak-calling with a two-sided and elevated *p*-value cut off (\<10^−5^) to reduce identifying false-positive peaks. All genomic data is available through GEO as the following datasets: GSE104612, GSE104613, and GSE104779.

2.4. SYBR Green RT-qPCR {#sec2dot4-genes-10-00021}
-----------------------

SYBR green real-time PCR (RT-PCR) was performed using RT2 SYBR Green Master mix from QIAgen. Quantitative RT-PCR was performed in 384-well plates using Biorad CFX-384 thermocycler. Standard curves were generated for each primer pair using serial dilutions of genomic DNA and accepted efficiency of primers was between 90% and 110%. The following primers (5′ to 3′) were used: APOA2: cattcccaggttcaaagcat, caccctcaggaatgttccac; SFRP5: gctgctggggaatcaaagat, agcacccactaagtattggct; N4BP2L1: cttggccaaagctgttgttt, gtccccagctttccaggtag; SLC35D1: tgttcggctttaactttggca, cgtggtggtgaataagagcg; APOB: gcatgtgagggtgaggaaat, gagtccagctgcagtgatga; ANKS4B: gttcagtgcctcgaaccttg, acttggccagatgtctctcc; PLA2G12B: agccacaaaaccaagaagcc, actccctaacctttgccctc; HNF4A: cccagaacaaggatccagaa, ccccaagtcaggcattctaa; F7: gcagcactgcagagatttca; ctgcccttccaccaagttta.

2.5. Western Blotting {#sec2dot5-genes-10-00021}
---------------------

Protein from whole cell lysates was run on 4% to 12% Tris-Bis acrylamide gels (NP0321, Thermo Fisher Scientific, Waltham, MO, USA) using the NuPAGE system (Thermo Fisher Scientific, Waltham, MO, USA). Protein was transferred to PVDF blotting membranes (1620177, Bio-Rad, Hercules, CA 94547) using wet electroblot apparatus. Blots were blocked with 5% non-fat milk in TBST. Primary antibodies (HNF4A, 1:500, sc-6556; Santa Cruz Biotechnology, Santa Cruz, CA, USA and GAPDH, 1:1000, DB600-502; Novus Biologicals, Centennial, CO, USA) and secondary antibodies (Donkey anti-goat IgG HRP and Donkey anti-mouse IgG HRP) were applied to the blots in 5% non-fat milk in TBST. Three 5 min TBST washes were performed after each antibody incubation. Following the last wash, SuperSignal West Pico Chemiluminescent substrate (34080, Thermo Fisher Scientific) was applied to the blots for 3 min. The blots were then exposed to films (F-9023, GeneMate, VWR, Radnor, PA, USA), which were developed in an SRX-101A developer (Konica Minolta, Ramsey, NJ, USA).

3. Results {#sec3-genes-10-00021}
==========

3.1. The Onset of HNF4A Expression Coincides with the Induction of Hepatic Gene Expression during the Differentiation of Human iPSCs {#sec3dot1-genes-10-00021}
------------------------------------------------------------------------------------------------------------------------------------

We have previously described a protocol that generates cells with hepatocyte characteristics from human pluripotent stem cells \[[@B30-genes-10-00021],[@B45-genes-10-00021],[@B48-genes-10-00021]\]. The procedure relies on the generation of definitive endoderm by the addition of Activin A \[[@B49-genes-10-00021]\]. The endoderm is subsequently converted to a hepatic fate by the addition of BMP4 and FGF2 ([Figure 1](#genes-10-00021-f001){ref-type="fig"}A). Our previous studies demonstrated that hepatic markers can be detected five days after the addition of BMP4/FGF2 to the endoderm \[[@B30-genes-10-00021],[@B35-genes-10-00021]\]. Although expression of hepatic markers is indicative of the formation of the hepatic lineage, it was unclear exactly when the progenitors formed during this window of differentiation and at what stage expression of HNF4A was initiated. We, therefore, sought to discern the precise timing of hepatic progenitor cell specification in the iPSC differentiation model.

RNA samples were collected daily between day three and day eight, as well as day ten, from two independent differentiations of wild-type iPSCs \[[@B1-genes-10-00021]\] ([Figure 1](#genes-10-00021-f001){ref-type="fig"}A). Transcriptome analyses established the gene expression profile for each sample. Unsupervised hierarchical cluster analyses of the expression profiles demonstrated that the differentiating cells grouped into two distinct clades ([Figure 1](#genes-10-00021-f001){ref-type="fig"}B). All samples collected between days three and seven clustered together suggesting that the cells all retained endoderm character. In contrast to the endoderm clade, samples from days eight and ten assembled as a distinct group, implying that the definitive endoderm adopted a new fate between days seven and eight of the differentiation protocol. We next examined the relative expression of 25 characteristic hepatic mRNAs using the same data sets. As illustrated by the heat map shown in [Figure 1](#genes-10-00021-f001){ref-type="fig"}C, the majority of these hepatic mRNAs were undetectable during the first seven days of differentiation. By day eight, however, several hepatocyte mRNAs could be identified and the number of markers present increased through day ten of differentiation. Based on these studies of mRNA profiles we conclude that, under the conditions employed by our protocol, iPSC-derived definitive endoderm transitions to a hepatic fate between days seven and eight.

We next sought to establish when HNF4A could first be detected compared to the onset of hepatic mRNA expression ([Figure 2](#genes-10-00021-f002){ref-type="fig"}). We first used a bioinformatics approach to identify transcription factors that were potentially active at the start of hepatic progenitor cell formation. Based on the oligonucleotide array analyses, genes whose mRNA levels changed ≥4-fold between consecutive days of differentiation (*p*-value ≤ 0.01) were defined as being robustly induced. Analyses of the nucleotide sequence surrounding these genes by Ingenuity Pathway Analyses software (QIAGEN Redwood City 1001 Marshall Street, Suite 200 Redwood City CA 94063, United States) identified transcription factor binding sites that were over-represented in each gene set ([Figure 2](#genes-10-00021-f002){ref-type="fig"}A). Within the gene set whose expression changed between days seven and eight, binding sites for HNF4A, HNF1, C/EBPB, and FOXA were all highly enriched. The identification of such binding sites is consistent with these transcription factors having known roles in regulating hepatic gene expression and suggested that they could act during the specification of the hepatic lineage \[[@B3-genes-10-00021]\]. We next established the timeline of HNF4A mRNA expression during the differentiation process. Real-time quantitative PCR (RT-qPCR) revealed the presence of trace levels of HNF4A mRNA by day five of differentiation; however, the levels increased substantially between days six and seven ([Figure 2](#genes-10-00021-f002){ref-type="fig"}B). Several splice variants of HNF4A originate from two distinct RNAs called HNF4A1 and HNF4A7. The two HNF4A RNAs are regulated by independent promoters and, therefore, can be differentially expressed \[[@B50-genes-10-00021],[@B51-genes-10-00021]\]. RT-qPCR using isoform-specific primers established the relative copy number of HNF4A1 and HNF4A7 mRNAs. Both promoters were active, but HNF4A1 accounted for the majority of HNF4A mRNAs induced at day seven of differentiation ([Figure 2](#genes-10-00021-f002){ref-type="fig"}C). Since expression of mRNA precedes that of the encoded protein we next defined HNF4A protein levels by immunoblot ([Figure 2](#genes-10-00021-f002){ref-type="fig"}D). HNF4A was detectable, albeit faintly, at day seven and the levels increased to around steady-state by day eight ([Figure 2](#genes-10-00021-f002){ref-type="fig"}D). We conclude that expression of HNF4A, therefore, closely coincides with the onset of hepatic gene expression during the formation of hepatocyte progenitors from iPSC-derived endoderm.

3.2. Depletion of HNF4A Prevents Conversion of Definitive Endoderm to a Hepatic Fate {#sec3dot2-genes-10-00021}
------------------------------------------------------------------------------------

In our previous studies, we reported that characteristic hepatic mRNAs are undetectable at day 10 of the differentiation protocol when expression of HNF4A is blocked \[[@B35-genes-10-00021]\]. While this finding was highly reproducible, the observation that HNF4A is first expressed between days seven and eight of differentiation raised the possibility that the reported phenotype at day ten reflects an indirect consequence of losing HNF4A. If HNF4A is indeed required to establish hepatocyte cell fate, we predicted that loss of HNF4A should prevent the initial expression of markers by day eight of differentiation. We tested this prediction by depleting HNF4A expression during iPSC differentiation using shRNAs as described previously \[[@B35-genes-10-00021]\]. Transcriptome analyses established the expression profiles in wild-type (iPSC K3) and HNF4A--depleted samples collected on day six (endoderm), day eight (onset of hepatic fate), and day ten (post-hepatic specification) of the differentiation procedure. Our previous studies had determined that hepatocyte differentiation was unaffected by a control shRNA and so we were confident that wild-type iPSCs were an adequate control line \[[@B35-genes-10-00021]\]. As expected, unsupervised hierarchical cluster analyses of the oligonucleotide array data revealed that wild-type day eight (onset of hepatic specification) and day ten (post-hepatic specification) profiles co-clustered. Moreover, this clade was distinct from wild-type cells at day six of differentiation (endoderm) ([Figure 3](#genes-10-00021-f003){ref-type="fig"}A). HNF4A-depleted day six cells segregated with wild-type day six cells indicating that the presence of an HNF4A shRNA had little effect on endoderm formation. Importantly, when HNF4A-depleted cells were examined at days eight and ten, at which time wild-type cells had adopted a hepatocyte fate, the depleted cells co-clustered with day six wild-type (endoderm) cells. Gene ontology analyses revealed that transcripts reduced by the absence of HNF4A at day eight encoded proteins with roles commonly associated with hepatocyte function including steroid, lipid, and cholesterol metabolism ([Figure 3](#genes-10-00021-f003){ref-type="fig"}B). Additionaly, the expression of mRNAs that are indicative of hepatocyte character were greatly inhibited in HNF4A--depleted cells compared to control cells at both day eight and day ten of differentiation ([Figure 3](#genes-10-00021-f003){ref-type="fig"}C). This unbiased analysis demonstrates that during the differentiation of iPSCs toward a hepatic fate, loss of HNF4A prevents the formation of hepatic cells and the depleted cells instead retain endoderm characteristics.

3.3. HNF4A Occupies Regulatory Elements of Genes Expressed in Hepatocytes Coincident with Onset of Their Expression {#sec3dot3-genes-10-00021}
-------------------------------------------------------------------------------------------------------------------

To establish how HNF4A controls hepatic progenitor cell formation required the identification of genes that were bound and regulated by HNF4A during the endoderm to hepatic transition (day eight) ([Figure 4](#genes-10-00021-f004){ref-type="fig"}A). HNF4A occupied genomic sequences were identified at day eight of differentiation by ChIP followed by high-throughput DNA sequencing (ChIP-seq) \[[@B52-genes-10-00021]\]. Analysis of the ChIP-Seq data identified 10,290 peaks that mapped to 5820 unique genes ([Figure 4](#genes-10-00021-f004){ref-type="fig"}B,C). The majority of HNF4A bound sites mapped within 10 kb of the predicted transcriptional start site of the gene ([Figure 4](#genes-10-00021-f004){ref-type="fig"}D). DNA sequence analyses using Cistrome \[[@B53-genes-10-00021]\] revealed that the most highly represented motif within the sequenced fragments conformed to the published consensus HNF4A binding site sequence \[[@B21-genes-10-00021],[@B54-genes-10-00021]\] ([Figure 4](#genes-10-00021-f004){ref-type="fig"}E).

We next sought to define a set of genes that were both associated with HNF4A occupied sites and whose expression was dependent upon HNF4A during the endoderm to hepatic transition ([Figure 5](#genes-10-00021-f005){ref-type="fig"}A--D). We focused on identifying genes whose expression was reduced because HNF4A primarily acts as a transcriptional activator. The transcriptome data, described in [Figure 3](#genes-10-00021-f003){ref-type="fig"}A, identified 199 genes whose expression was reduced by ≥4-fold in hepatic progenitor cells (day eight) after HNF4A was depleted ([Figure 5](#genes-10-00021-f005){ref-type="fig"}A). A comparison of genes whose expression was dependent on HNF4A to those that had occupied HNF4A binding sites identified 108 genes that we concluded were direct targets of HNF4A.

Further analyses focused on 25 genes that had an HNF4A-occupied site within 1 kb of the transcriptional start site. The proximity of these HNF4A bound sequences to the start-site implied that they contributed to a proximal promoter, which increased confidence that the site regulated expression of the target gene ([Table 1](#genes-10-00021-t001){ref-type="table"}). Gene expression profiles suggested that expression of a subset of the 25 HNF4A target genes occurred in a broad array of cell types or in the endoderm prior to HNF4A expression. Two more criteria were, therefore, placed on the candidate genes to identify those most likely to provide information that was relevant to the role of HNF4A in regulating onset of expression in hepatic progenitor cells. First, we retained 18 genes with enriched expression in the liver. Specifically, we used RNASeq data from Illumina's Human BodyMap 2 that provides the level of mRNAs across 16 different tissues. We retained the genes whose expression was enriched in the liver greater than at least 13 other tissues in the panel ([Table 1](#genes-10-00021-t001){ref-type="table"}). Second, we retained only genes whose expression increased ≥4-fold between the endoderm (day five) and hepatic progenitor cells (day eight) generated from wild-type iPSCs ([Figure 5](#genes-10-00021-f005){ref-type="fig"}B). Application of these rules left 10 genes, *APOA1, APOA2, APOB, F7, SFRP5, ANKS4B, PLA2G12B, N4BP2L1, SLC35D1,* and *HNF4A*, although we omitted HNF4A from the remaining analyses. Dependency on HNF4A for expression was confirmed for each of these genes by RT-qPCR on control and HNF4A-depleted cells at day eight of differentiation ([Figure 5](#genes-10-00021-f005){ref-type="fig"}C). We next performed ChIP-qPCR to confirm whether HNF4A occupied the sites identified by ChIP-Seq ([Figure 5](#genes-10-00021-f005){ref-type="fig"}D). With the exception of APOA1, for which we were unable to generate efficient qPCR primer pairs that flanked the HNF4A binding site, we were able to confirm occupancy by HNF4A of all the predicted binding sites. We conclude that we have identified eight representative genes whose expression is robustly induced during the endoderm to hepatic transition and is dependent on direct regulation by HNF4A.

3.4. HNF4A is Necessary for Recruitment of RNA pol II to Promoters of Target Genes {#sec3dot4-genes-10-00021}
----------------------------------------------------------------------------------

With high confidence HNF4A targets identified we first determined whether RNA pol II was pre-assembled at the promoters of the HNF4A target genes prior to their expression or whether RNA pol II was recruited to promoters as the endoderm transitioned to a hepatic fate at day eight. ChIP-qPCR was performed to detect RNA pol II at the promoters of HNF4A target genes in wild-type cells collected at day six (pre-HNF4A; pre-hepatic endoderm) or day eight (post-HNF4A; hepatic progenitor cells) ([Figure 6](#genes-10-00021-f006){ref-type="fig"}). With the exception of *SFRP5* that had similar levels of RNA pol II occupancy at both day six and day eight of differentiation, the level of RNA pol II occupancy detected in the day six (pre-HNF4A) cells was minimal at all promoters. However, by day eight, when HNF4A expression is robust and expression of target genes has been initiated, RNA pol II occupancy increased substantially. Since RNA pol II occupancy coincided with expression of HNF4A, we next examined whether HNF4A was required for recruitment of RNA pol II to the promoters of HNF4A target genes ([Figure 7](#genes-10-00021-f007){ref-type="fig"}). Control and HNF4A--depleted cells were induced to differentiate to day eight, when control cells form hepatic progenitors and HNF4A is normally expressed, and the extent of RNA pol II occupancy of HNF4A targets was measured by ChIP-qPCR. As before, RNA pol II was present at the promoters of all genes in control cells. In contrast, although there was some quantitative variability between differentiations, in cells in which HNF4A was depleted, all of the genes examined revealed a substantial reduction in RNA pol II occupancy ([Figure 7](#genes-10-00021-f007){ref-type="fig"}).

Based on these cumulative data we conclude that the primary mechanism through which HNF4A converts the endoderm to a hepatic fate is by recruitment of RNA pol II to promoters of genes that are characteristically expressed during the formation of hepatocyte progenitors.

4. Discussion {#sec4-genes-10-00021}
=============

4.1. The Onset of Expression of Several Genes Enriched in Hepatocytes Requires HNF4A {#sec4dot1-genes-10-00021}
------------------------------------------------------------------------------------

We previously exploited the ability to differentiate human iPSCs into hepatic progenitor cells to reveal that that nuclear receptor HNF4A is required for hepatic progenitor cell formation (DeLaForest et al. \[[@B35-genes-10-00021]\]). In the current study, we have addressed the molecular mechanism through which HNF4A mediates this conversion. By dividing the differentiation procedure into 24-h intervals and examining the changes in gene expression profiles, we defined the timeframe through which iPSC-derived endoderm converts to a hepatic fate. The onset of expression of hepatic mRNAs initiates around 48--72 h after the addition of inductive growth factors (days seven to eight). We also mapped the onset of HNF4A expression and revealed that it coincides with this endoderm to hepatic transition. Moreover, when HNF4A is depleted, the endoderm fails to adopt a hepatic fate, but instead retains endoderm character. The 72-h lag between addition of inductive signaling molecules and the detection of HNF4A mRNA would suggest that the HNF4A gene is likely indirectly dependent on BMP/FGF. Moreover, this substantial delay in HNF4A expression would imply the existence of unappreciated regulatory pathways that occur between induction and fate conversation. The relationship between BMP signaling and induction of hepatic fate is currently under study. However, we have recently defined the repertoire of genes whose expression in the endoderm is directly regulated by FGF \[[@B55-genes-10-00021]\]. FGF immediate early response genes include those encoding transcription factors, modulators of cell signaling and epigenetic regulators. In addition to proteins that regulate transcription of the *HNF4A* gene, we have recently used a small molecule screen to reveal that regulation of HNF4A protein levels also contribute to the formation of hepatocytes from iPSCs \[[@B56-genes-10-00021]\]. It therefore seems reasonable to propose that several proteins coordinate to control the cellular environment during hepatocyte progenitor cell formation that ultimately regulates expression of transcriptional effectors including HNF4A.

4.2. HNF4a Directly Binds Genes Whose Expression in Hepatic Progenitors is HNF4A-Dependent {#sec4dot2-genes-10-00021}
------------------------------------------------------------------------------------------

In order to determine the mechanism through which HNF4A controls the formation of hepatic progenitor cells required us to identify genes that were direct targets of HNF4A transcriptional activity during the endoderm to hepatic transition. Although a number of genome wide studies have identified HNF4A binding sites in human hepatocytes and hepatoma cells \[[@B21-genes-10-00021],[@B22-genes-10-00021],[@B57-genes-10-00021],[@B58-genes-10-00021],[@B59-genes-10-00021]\], binding during the formation of the hepatic progenitor cells has to our knowledge not been described. Our lack of understanding of HNF4A occupancy during the endoderm to hepatic transition reflects the difficulty in obtaining enough embryonic material that is compatible with ChIP-Seq approaches. Moreover, ChIP-Seq analyses of evolutionarily distinct species have revealed that binding site location in general is species specific, meaning only a limited understanding of binding site location can be obtained from non-human embryos \[[@B59-genes-10-00021]\]. Fortunately, the availability of a human pluripotent stem cell differentiation model that recapitulates key aspects of hepatocyte differentiation, is synchronous, and reproducible, circumvents these challenges \[[@B30-genes-10-00021],[@B34-genes-10-00021]\]. Using ChIP-Seq we identified 10,290 peaks that represent binding sites that become occupied by HNF4A during the formation of the hepatic progenitors. ChIP-Seq analyses of adult human liver samples have previously revealed the presence of 20,115 HNF4A occupied sites \[[@B59-genes-10-00021]\]. The fact that adult livers have more occupied sites than progenitor cells is unsurprising and likely reflects the increase in gene expression complexity that occurs as the hepatic progenitor cells mature to adult hepatocytes \[[@B20-genes-10-00021]\]. The observation that there exists a subset of sites in iPSC-derived hepatic progenitors that are not occupied in mature livers is more difficult to explain. The divergence in the data sets could reflect technical differences between experimental approaches. However, ChIP-qPCR revealed an enrichment of HNF4A occupancy in predicted binding sites of eight selected genes in control hepatic progenitor cells compared to HNF4A-depleted cells suggesting that our ChIP-Seq analysis was effective. Another explanation for divergence between the data sets is the possibility that there exist inherent differences in gene regulation between iPSC-derived cells and endogenous tissues. However, the explanation that we currently favor is that transcriptional regulation during cell differentiation is dynamic. Consequently, as cells mature the binding sites used to control transcription of a given gene can alter as the repertoire of transcription factors within the cell changes. Experiments to distinguish such possibilities are currently underway.

The 10,290 HNF4A bound sequences mapped to 5820 unique genes. Having identified the genomic profile of HNF4A bound sequences in the hepatic progenitor cells we next determined whether expression of genes associated with the bound sites was dependent on HNF4A. Transcriptome analyses had demonstrated that expression of 199 genes was reduced by ≥4-fold in hepatic progenitor cells (day eight) after HNF4A was depleted. Of these genes, 54% (108 genes) had HNF4A occupied sequences. We conclude that many of these genes are directly regulated by HNF4A and that HNF4A mediates differentiation of the endoderm by controlling the expression of genes that are characteristic of the hepatic lineage. However, we recognize that HNF4A occupancy was undetectable in 46% of genes whose expression is lost during the differentiation of HNF4A--depleted cells. HNF4A occupancy of some of these genes may have been missed due to the technical parameters used to analyze the ChIP-Seq data. However, it is also probable that expression of these genes is affected as a secondary consequence or is regulated by the action of HNF4A at far distal enhancers.

4.3. Depletion of HNF4a Reduces RNA pol II Recruitment to Promoters of HNF4A Target Genes {#sec4dot3-genes-10-00021}
-----------------------------------------------------------------------------------------

Studies of transcriptional regulation of α-1-antitrypsin (*SERPINA1*) during the differentiation of Caco2 cells, revealed that a complete pre-initiation complex that included RNA pol II was pre-assembled long before the onset of expression and recruitment of HNF4A \[[@B43-genes-10-00021]\]. In contrast to assembly of the pre-initiation complex, recruitment of SMARCA2 (hBRM) and HNF4A was coincident with transcriptional initiation. These data imply that the mechanism through which HNF4A controls expression is independent of recruitment of RNA pol II. However, Caco2 is an epithelial cell line isolated from a colorectal adenocarcinoma and so it was unclear whether the action of HNF4A would be the same during the formation of hepatic progenitor cells. This is especially true given that the endoderm converts to a hepatic fate occurs over 72 h of culture, whereas differentiation of Caco2 cells from a crypt-like to villus-like phenotype takes approximately 1 week \[[@B43-genes-10-00021]\].

Our examination of the presumptive promoters of eight genes occupied by HNF4a revealed that RNA pol II was recruited coincident with the onset of their expression. However, one gene, *SFRP5*, was an exception in that the level of RNA pol II identified at the promoter was similar in both the pre-hepatic and hepatic progenitor cell samples. When we examined the impact of depletion of HNF4a on the presence of RNA pol II, we found that the level of RNA pol II was reduced in the majority (7/8) genes examined. Based on these results we conclude that HNF4a mediates the onset of hepatic gene expression primarily by facilitating the recruitment of RNA pol II. We do not know whether HNF4a is physically involved in recruiting the polymerase complex or whether it does so indirectly. HNF4a interacts with TFIIB and the Mediator co-activator complex which may imply that HNF4a could directly recruit or at least stabilize the interaction of the basal transcription factor complex with target promoters \[[@B41-genes-10-00021],[@B42-genes-10-00021]\]. However, HNF4A has also been shown to associate with a number of coactivators including SRC-1 \[[@B36-genes-10-00021]\], CITED2 \[[@B37-genes-10-00021]\], CBP/p300 \[[@B38-genes-10-00021],[@B39-genes-10-00021]\], and PMRT1 \[[@B40-genes-10-00021]\]. Such interactions could potentially impact RNA pol II occupancy of promoters through mediating histone modification and nucleosome positioning. Of course, not all regulatory elements will necessarily respond to HNF4a occupancy identically. The response of HNF4a binding will likely be influenced by the specific co-activators and the repertoire of proteins present at a given regulatory element. With this in mind, it will most likely be useful to examine the impact of loss of HNF4a on histone modifications on a genomic scale.

Additional support was received from the Phoebe R. and John D. Lewis Foundation, the Marcus Family, and the Sophia Wolf Quadracci Memorial Fund.

Conceptualization, S.A.D.; Data curation, A.D. and S.A.D.; Formal analysis, A.D., F.D.F., R.J., K.T., A.U., K.P., S.R. and S.A.D.; Funding acquisition, S.A.D.; Investigation, A.D., F.D.F., R.J., A.L.-K., K.T., A.U., K.P., S.R. and S.A.D.; Methodology, A.D. and S.A.D.; Project administration, S.A.D.; Resources, S.A.D.; Supervision, S.R. and S.A.D.; Writing---original draft, A.D. and S.A.D.; Writing---review & editing, A.D. and S.A.D.

This research was funded by NIH NIDDK, grant number R01DK102716.

The authors declare no conflict of interest.

![Transition of induced pluripotent stem cells (iPSC)-derived endoderm to a hepatic fate occurs between days seven and eight of differentiation. (**A**) Diagrammatic overview of the procedure used to generate hepatic progenitor cells from iPSCs that has been described in detail elsewhere \[[@B30-genes-10-00021],[@B45-genes-10-00021]\]; (**B**) Dendrogram showing unsupervised hierarchical cluster analyses of transcriptional profiles generated using oligonucleotide arrays that were performed on duplicate differentiations collected daily between days three (endoderm) and day ten (hepatic progenitor cells). Note that cells with endoderm character cluster between days three and seven (red) and those with hepatic character cluster between days eight and ten (blue); (**C**) heat map showing the changes in levels of characteristic hepatic mRNAs during the differentiation time course.](genes-10-00021-g001){#genes-10-00021-f001}

![The onset of hepatocyte nuclear factor 4 α (HNF4A) expression coincides with the conversion of iPSC-derived endoderm to a hepatic fate. (**A**) Diagram summarizing the results of bioinformatics analyses of enriched transcription factor binding sites by Ingenuity Pathway Analyses. Several transcription factor binding sites (yellow box) were enriched in genomic sequences encoding proteins that are induced ≥4-fold at the endoderm (blue line) to hepatic (red line) transition, which occurs two days after addition of BMP4/FGF2 between days seven and eight of the differentiation process; (**B**) Bar graph showing relative levels of mRNA encoding HNF4A determined by real-time quantitative PCR (RT-qPCR) (standard error of the mean (s.e.m), *n* = 3 independent differentiations); (**C**) absolute levels of total *HNF4A* (blue), *HNF4A1* (red) and *HNF4A7* (green) mRNAs calculated by real-time RT-qPCR during the differentiation iPSCs to hepatic progenitor cells; (**D**) Immunoblot analyses of HNF4A protein levels throughout the differentiation time course.](genes-10-00021-g002){#genes-10-00021-f002}

![HNF4A is necessary for the transition of endoderm to hepatic fate during iPSC differentiation. (**A**) Dendrogram showing unsupervised hierarchical cluster analyses of transcriptional profiles generated using oligonucleotide arrays that were performed on triplicate differentiations of control and HNF4A-depleted cells collected immediately after addition of BMP4/FGF2 on day six (endoderm), day eight (early hepatic progenitor cells) and day ten (hepatic progenitor cells); (**B**) Gene ontology analyses of genes whose expression was reduced in the absence of HNF4A at day eight of differentiation; (**C**) Heat map showing the changes in levels of characteristic hepatic mRNAs at days six, eight, and ten of differentiation of control iPSCs (wild-type) and HNF4A-depleted (depleted) iPSCs. Scale = log2 of signal value.](genes-10-00021-g003){#genes-10-00021-f003}

![Identification of HNF4A bound sites in iPSC-derived hepatic progenitor cells. (**A**) Strategy used to identify direct targets of HNF4A during the formation of the hepatic lineage from iPSCs; (**B**) Summary of the number of targets identified by ChIP-seq analyses; (**C**) Example of HNF4A enriched sequences (peaks) in the *Apo2* gene; (**D**) Distribution of HNF4A peaks relative to the transcriptional start site of the nearest known gene; (**E**) Consensus HNF4A binding site determined from analyses of all peaks.](genes-10-00021-g004){#genes-10-00021-f004}

![Identification of genes directly regulated by HNF4A during the endoderm to hepatic transition. (**A**) Diagram showing strategy used to identify genes that are direct targets of HNF4A with high confidence; (**B**) Expression profiles determined by RT-qPCR of genes that are direct targets of HNF4A during the transition of iPSC-derived endoderm to a hepatic fate. *t*-test compared expression levels at day eight vs. day seven; (**C**) Bar graphs showing RT-qPCR analyses of mRNAs expressed from HNF4A target genes in hepatic progenitor cells derived from control and HNF4A depleted iPSCs at day eight of differentiation. (**D**) Bar graphs showing results of ChIP-qPCR analyses of HNF4A occupancy in hepatic progenitor cells derived from control (dark grey) and HNF4A-depleted (light grey) iPSCs at day eight of differentiation. Error bars represent s.e.m, *n* = 3 independent differentiations. Student's *t*-test, (\*) *p* ≤ 0.05. (\*\*) *p* ≤ 0.005.](genes-10-00021-g005){#genes-10-00021-f005}

![RNA polymerase II (RNA pol II) is recruited to HNF4A target genes coincident with the onset of expression. Bar graphs showing the results of ChIP-qPCR analysis of RNA pol II occupancy of HNF4A target genes during the transition of the endoderm (day six, grey bars) to a hepatic fate (day eight, black bars). For all graphs error bars = s.e.m., *n* = 3 independent differentiations. Student's *t*-test, (\*) *p* ≤ 0.05. (\*\*) *p* ≤ 0.005.](genes-10-00021-g006){#genes-10-00021-f006}

![Recruitment of RNA pol II is decreased at HNF4A target genes when HNF4A is depleted. Bar graph showing the results of ChIP-qPCR analysis of RNA pol II occupancy of HNF4A target genes at the onset of HNF4A expression (day 8) in control and HNF4A-depleted iPSCs.](genes-10-00021-g007){#genes-10-00021-f007}

genes-10-00021-t001_Table 1

###### 

Direct targets of HNF4A expressed during the endoderm to hepatic transition. N.D: not determined.

  GENE             EXPRESSION CHANGE IN DAY 8 HNF4A-DEPLETED CELLS (*p*-Value \< 0.05, Array Data)   HNF4A BINDING SITE POSITION FROM TSS   CHANGE IN EXPRESSION IN HNF4A-DEPLETED HEPATIC PROGENITORS (qRT-PCR)   EXPRESSION ENDODERM V'S HEPATIC PROGENITORS BY qRT-PCR   EXPRESSION ENRICHED IN LIVER OVER 80% OF OTHER TISSUES   HNF4A OCCUPANCY (ChIP)
  ---------------- --------------------------------------------------------------------------------- -------------------------------------- ---------------------------------------------------------------------- -------------------------------------------------------- -------------------------------------------------------- ------------------------
  ***SLC22A23***   −4.25777                                                                          −978                                   N.D                                                                    N.D.                                                     yes                                                      N.D
  *APOA2*          **−7.00843**                                                                      **−838**                               **−6.98**                                                              **4.74**                                                 **yes**                                                  **yes**
  *SFRP5*          **−5.56874**                                                                      **−789**                               **−10.9**                                                              **128.02**                                               **yes**                                                  **yes**
  ***AKAP1***      −5.1654                                                                           −714                                   N.D                                                                    N.D.                                                     no                                                       N.D
  ***APOA1***      −11.2129                                                                          −319                                   −13.42                                                                 54.92                                                    yes                                                      N.D
  ***PHACTR2***    −4.99637                                                                          −250                                   −1.46                                                                  0.91                                                     no                                                       N.D
  ***C3orf15***    −4.33119                                                                          −249                                   −6.6                                                                   23.47                                                    no                                                       N.D
  ***EPHX2***      −4.47046                                                                          −238                                   −2.67                                                                  7.57                                                     yes                                                      no
  *N4BP2L1*        **−8.12692**                                                                      **−230**                               **−5.86**                                                              **26.96**                                                **yes**                                                  **yes**
  ***CHST13***     −4.49952                                                                          −184                                   N.D                                                                    N.D.                                                     yes                                                      N.D
  *SLC35D1*        **−4.73481**                                                                      **−176**                               **−2.67**                                                              **26.33**                                                **yes**                                                  **yes**
  ***VTN***        −7.51883                                                                          −163                                   −3.97                                                                  23.04                                                    yes                                                      no
  ***APOM***       −8.64496                                                                          −158                                   −2.22                                                                  1.51                                                     yes                                                      no
  *APOB*           **−74.4626**                                                                      **−156**                               **−30.75**                                                             **31.69**                                                **yes**                                                  **yes**
  ***EFEMP1***     −5.90295                                                                          −147                                   −4.53                                                                  23.08                                                    no                                                       N.D
  ***GLYCTK***     −6.10731                                                                          −140                                   −7.18                                                                  8.99                                                     yes                                                      N.D
  *ANKS4B*         **−10.9033**                                                                      **−131**                               **−15.46**                                                             **351.45**                                               **yes**                                                  **yes**
  ***LRP2***       −14.7087                                                                          −131                                   −18.87                                                                 152.12                                                   no                                                       N.D
  *PLA2G12B*       **−30.8129**                                                                      **−114**                               **−994.4**                                                             **397.18**                                               **yes**                                                  **yes**
  ***LGALS2***     −45.8533                                                                          −102                                   −75.65                                                                 19.83                                                    no                                                       N.D
  ***AQP11***      −5.36658                                                                          −95                                    N.D                                                                    N.D.                                                     yes                                                      N.D
  ***AGMAT***      −5.7087                                                                           −90                                    N.D                                                                    N.D.                                                     yes                                                      N.D
  *HNF4A*          **−27.3065**                                                                      **−82**                                **-**                                                                  **5.1**                                                  **yes**                                                  **yes**
  ***GDF15***      −6.02312                                                                          −74                                    N.D                                                                    N.D.                                                     no                                                       N.D
  *F7*             **−8.84201**                                                                      **−71**                                **−30.51**                                                             **48.04**                                                **yes**                                                  **yes**
